Observations indicate that different information is contained in electrocardiograms and magnetocardiograms in both patients and healthy volunteers. Closed loop currents could explain this phenomenon. We hypothesized that open loops, such as the spirally shaped currents in the heart, also contribute to these differences. We modeled two types of open spiral-shaped loops, based on the heart geometry, using 12 artificial current dipoles in a physical torso phantom. The electric potentials and magnetic fields were measured simultaneously with increasing numbers of active dipoles in the spiral source geometries. We found a continuous increase in the measured amplitudes of the magnetic fields, up to a plateau value when 10 active dipoles were enabled. For the electric potentials, we found that the amplitudes increased when up to six or eight active dipoles had been enabled, and then decreased thereafter. We conclude that open loop currents also contribute to the experimentally observed differences in magnetocardiograms and electrocardiograms in both patients and healthy volunteers. Combined bioelectric and biomagnetic measurements should provide greater insight into heart activity than do single modality measurements.
Introduction
Bioelectric surface potentials and biomagnetic fields measured outside the body can non-invasively provide informa-tion about the electrically active tissues in the human body (for a recent review, see e.g., w18x). Electrocardiography (ECG) and magnetocardiography (MCG) are two modalities used to assess the electric heart function. Although the underlying sources are the same for bioelectric potentials and biomagnetic fields, different information can be contained in the two modalities (e.g., w10x).
Experimental observations in patients have indicated divergent ECG and MCG findings during both rest w12, 13, 15, 21x and exercise (e.g., w16x) . This different information can also be seen in healthy volunteers during exercise (e.g., w4, 19x) .
Closed loop currents, also referred to as vortex currents, have long been discussed as possible sources of the different information available in magnetocardiograms and electrocardiograms w2, 17, 23x. According to the theoretical concept, closed loop currents produce biomagnetic fields but not bioelectric potentials. Previously, we demonstrated that both active and passive vortex currents can be produced experimentally in a torso phantom and our experimental results were in agreement with theoretical predictions w5, 14x.
Besides the closed loop currents in the heart, open loop currents can also arise from the spiral arrangement of muscle fibers. Based on a theoretical analysis of multipole expansions, Irimia and colleagues w10x argued that asymmetries occur in spiral-like structures and electrically silent magnetic fields should be prominent. Consequently, the question arises how realistically shaped, spiral open loop currents contribute to ECG and MCG and thus potentially contribute to the experimentally observed differences in them. Therefore, the aim of this study was to analyze the influence of spiral open loop currents on electric and magnetic signals. To do this, we simultaneously recorded the electrical and magnetic data produced by dipole setups in a human torso phantom.
Materials and methods

Phantom setup
We used a realistically shaped torso phantom, built from resin with glass fibers w20x. One hundred and thirty-eight Ag/ AgCl electrodes for the acquisition of electric data were embedded in the surface of the phantom ( Figure 1A ). The phantom was filled with saline solution to reproduce the physiological conductivity inside the torso phantom (conductivity of 0.335 S/m) w6x.
We produced two different spirally shaped source setups. The first setup consisted of 12 dipoles forming a planar spiral, and the second setup consisted of 12 dipoles forming a spatially extended spiral ( Figure 1B, C) . Figure 1C shows Figure 1 (A) Front view of the physical torso phantom with a total of 138 electrodes, 63 of which are integrated into the anterior chest wall. The opening in the lower part of the torso allows the dipole setups to be mounted inside the torso and the phantom to be filled with NaCl solution. (B) Photograph of an inside view of the torso phantom with the dipole setup of the spatially extended spiral source mounted on the back of the torso (the anterior chest wall with some Ag/AgCl electrodes is visible at the top of the photograph). (C) Graph of the base plate of the dipole setup indicating the distances of the dipole positions from the central point, the angle between the dipoles, and the orientation of the dipoles.
the distances of the dipoles from the center of each setup. The spatially extended spiral was derived from the planar spiral by changing the height of the dipoles above the base plate ( Figure 1C) . The difference in the dipole heights was 8.2 mm, resulting in a total height of 90.2 mm. This configuration qualitatively mimics a spirally shaped muscle fiber around the cardiac ventricles. Dipole 6 of the spatially extended spiral was at the same height above the base plate as all the dipoles of the planar spiral. The single dipoles were made of platinum, with a length of 10"0.5 mm. Figure 2 shows the arrangement of the dipoles for both configurations, in an opened conformation. Both spiral setups were fixed on the back of the torso with the help of a fastening. Thus, the main axis of the spiral is upwards in Figure 1B , towards the front of the torso. The feed lines for all the dipoles were made from twisted copper wire. The dipole endings were fixed with resin to a glass capillary, in which the twisted copper wires ran to the base plate ( Figure 1B, C) . For the spatially extended spiral, the dipole endings were adjusted so that they pointed approximately to the position of the next dipole. This led to a gradual tilt in the dipole orientation with respect to the planar spiral, from approximately 158 for the uppermost dipole to 328 for the lower most dipole ( Figure  2 ). The angular spacing between all the dipoles was 308 ( Figure 1C ), which led to a non-equidistant dipole spacing when plotted in a row ( Figure 2 ). The positions of the dipole tips were digitized (Isotrack II, Polhemus Inc., Colchester, VT, USA) with reference to the mounting rack and transformed into the coordinate system of the torso. The dipoles were fed with a constant current from a power supply with 12 galvanically separated channels. During all measurements, a sinusoidal current of 0.5 mA with a frequency of 20 Hz was applied for each dipole. The dipoles were switched on one by one, starting from a single dipole, until all 12 dipoles were enabled ( Figure 3 ). With these different arrangements, we were able to examine the progression of the electric and magnetic signal strengths for an increasingly spirally shaped current.
Measurements and data analysis
The measurements were made in a magnetically shielded room (AtB SrL, Pescara, Italy) using an ARGOS 200 vectorbiomagnetometer (AtB SrL) and an ECG system (AtB SrL). Only the 63 ECG channels on the anterior chest wall were recorded. The electrodes were arranged according to the NEMY standard (non-invasive evaluation of the myocardium) w9x. All of the 195 superconducting quantum interference devices (SQUIDs) of the vector-biomagnetometer were used for the recordings. The sensors were arranged in triplets and distributed over four levels. The lowest level (the main measurement plane) was a planar sensor array consisting of 56 sensor triplets laid out on a hexagonal grid, covering a circular planar surface with a diameter of approximately 25 cm. Only the sensors in the lower plane were considered. The B z component was used for the analysis because most biomagnetometers only record this component. This resulted in 56 values for each measurement. The intrinsic noise level of the SQUIDs was below 5 fT/Hz -1/2 at 10 Hz. The electric and magnetic signals were recorded simultaneously with a sampling rate of 1025 Hz. The patient positioning unit of the Argos 200 (three marker coils, placed on the torso phantom) and the electrodes were digitized. Therefore, the positions of all the sensors were computed in the co-ordinate system of the torso phantom. Figure 4 shows the sensor setup and the torso model based on segmented computed tomography (CT) data.
The raw data were filtered with a 10-35 Hz Butterworth band pass filter. In the channel showing the maximum magnetic amplitude, the time instant of the positive peak amplitude was determined in 20 consecutive artefact-free periods of the sinusoidal signal. Thereafter, for the magnetic channel and the electric channel that showed the maximum signal amplitudes, the mean values and the standard deviations of the signal strengths were computed over these 20 instants in time. Note that the magnetic and electric signals were in phase. Normalization was applied to make the electric and magnetic signal strengths comparable. All values were normalized to the value when one dipole was enabled to allow a comparison to be made with the simplest source model. Figure 5 shows the measured electric potential and magnetic field maps for both source configurations. For the planar spiral, the electric potential map for one enabled dipole shows the clearly dipolar structure of a source oriented tangentially to the anterior chest wall. With increasing numbers of sources, the zero line becomes more tilted, indicating the vectorial sum of the enabled dipoles. The potential pattern with six enabled dipoles shows the highest amplitude and an almost perpendicular zero line compared with that produced with one enabled dipole. When all 12 dipoles were enabled (complete spiral), we observed a more complex structure in the potential pattern, which faintly shows the underlying spiral. The amplitude of the magnetometer signal increased as the number of enabled dipoles increased. The isocontour plots of the semi-spiral and the complete spiral currents look very similar in the magnetic field patterns, which is partly attributable to the fact that only one maximum is visible.
Results
For the spatially extended spiral, the electric potential map with one enabled dipole shows a pattern with a somewhat radially oriented source, which is caused by the tilt of the dipole (see Methods). This effect is indicated by the greater number of negative isocontour lines compared with the number of positive lines and is, in principal, visible for all potential maps shown in the third row of Figure 5 . The magnetic isocontour plots of the spatially extended spiral are qualitatively very similar to the isocontour plots of the planar spiral, which would make it difficult to distinguish the two source configurations, i.e., in a source localization scheme.
The normalized amplitudes of the electric and magnetic signals over the number of active dipoles for the planar spiral are shown in Figure 6 . As the number of enabled dipoles increases, the spiral shape also becomes more complete. The electric signal strength increases with up to six active dipoles, which represent a semi-spiral (similar to a semicircle), and with up to four dipoles, the increase is similar to the increase in the magnetic signal strength. Thereafter, the electric signal strength decreases almost linearly as the number of enabled dipoles increases up to 10, to a value less than that observed with two active dipoles. For the full spiral, the electric signal strength is also similar to the value produced with two active dipoles. On the contrary, the magnetic signal strength increases with an almost linear slope with up to 10 active dipoles. Thereafter, the signal strength stays approximately constant up to the full spiral. This comparison of the electric and magnetic signal strengths shows that with up to four dipoles, similar behaviors are observed, whereas with increasing numbers of enabled dipoles, a clear dissociation between the two modalities is seen. Figure 7 shows the normalized amplitudes of the electric and magnetic signal strengths over the number of active dipoles for the spatially extended spiral source setup. The electric signal amplitude increases with up to eight active dipoles and decreases slightly starting with the ninth active dipole. The value for the full spiral is less than the value with seven active dipoles. The variation in the signal strength between seven active dipoles and the full spiral is -5%. The amplitude of the magnetic signal increases with up to 10 active dipoles and stays approximately constant thereafter. A comparison of the electric and magnetic signal strengths shows that the magnetic amplitudes increase more than the electric amplitudes.
In both Figures 6 and 7 , all the standard deviations are below 0.1% (not shown).
Discussion
We modeled two spirally shaped open loop current distributions with a set of 12 single dipoles in a physical torso phantom. We found that the spirally shaped currents had highly differential effects on the electric and magnetic signal strengths. The differential effect was qualitatively more pronounced for the planar setup than for the spatially extended setup.
We observed a plateau in the magnetic signal strengths when there were a greater number of active dipoles. This plateau was somewhat more pronounced for the spatially extended spiral. The plateau for both configurations can be explained by the increasing symmetry of the dipole arrangement, and a similar finding has been reported previously for an active closed loop current w14x. The explanation for the plateau is based on the same argumentation as in w14x. The more pronounced plateau for the spatially extended spiral is probably attributable to the increasing dipole-sensor distance with increasing numbers of dipoles, which means less amplitude contribution to the total field. Note that, in general, the results for the planar spiral are well comparable to w14x because the heights of the dipoles above the base plates and also above the base plate mountings were similar, resulting in similar source-sensor distances. The decreasing electric signal strength clearly shows the effect on electric signals of getting close to a closed loop.
Similar to the active closed loop circular arrangement in w14x, the reduction began when the dipole arrangement exceeded a semi-spiral. Unlike the fully closed loop current in w14x, where no significant potential pattern was observable, the full spiral still exhibited a significant electric potential amplitude and a systematic potential pattern. Compared with the experimental results for passive vortex currents in w5x, the influence on the electric signal strength was also reduced for the spirally shaped open loop current distribu-tions in this study. While both passive and active vortex currents might be important in the early diagnosis of myocardial infarction w5, 14x, spiral like currents might also account for the experimentally observed differences in healthy volunteers w4, 19x.
Comparison of the planar and spatially extended spirals showed the difference in the electric potential distributions most clearly. Because of the more tilted orientation of the dipoles in the spatially extended spiral and their closer proximity to the sensors, a higher amplitude value was already apparent with one enabled dipole (cf. Figure 5 , rows 1 and 3). This more tilted orientation led to a stronger radial contribution, where ''radial'' is defined with respect to the anterior chest wall (a dipole pointing towards the chest wall is considered radial and a dipole pointing perpendicular to the chest wall is considered tangential). The reduction in the amplitude of the spatially extended spiral after the ninth dipole had been enabled was considerably less pronounced than that of the planar spiral. This effect can be explained by the spatial extents involved; a much larger radial component existed because of the height difference between the first and last dipoles. The amplitude of the magnetic field was also higher with one enabled dipole for the spatially extended spiral compared with the planar spiral. This can only be attributed to the closer proximity to the sensors. This effect prevailed up to the configuration in which all the dipoles were enabled (cf. Figure 5 , rows 2 and 4).
Our experimental results confirm the theoretical predictions of w10x. They predict that a helix-like anatomic structure and spiral-like conductivity profiles can yield electrically silent magnetic fields. Our impressed currents were arranged in a spiral-like manner and showed the dissociation of the magnetic field and electric potential patterns, as well as their signal strengths. Our results are also consistent with a simulation study by Kosch and colleagues w11x, who suggested that curved currents (e.g., semi-circles) can already lead to differential effects in the magnetic field and electric potential distributions.
Sensitivity studies of EEG/MEG have been performed w1, 7, 8x, similar to investigations of ECG/MCG. These studies have shown that the two modalities are differentially sensitive to sources in certain brain areas and to certain source orientations. Source orientation has been also discussed as an additional possible explanation of the differences in ECG and MCG (e.g., w13x). This influence was not explicitly addressed in our study.
Like the experimental findings in healthy volunteers during exercise w4, 19x, we found similar monopolar field patterns in our measurements of full spiral setups. The authors of w4x and w19x argue that closed loop vortex currents could cause the differences they found in ECG and MCG. Our results provide an alternative explanation based on open loop spirally shaped currents.
We have not shown the results for the source localization in the various source configurations. Similar to w20x and w22x, we found a source localization accuracy of about 3-5 mm for the single dipoles.
A limitation of our study is in the coverage of the magnetometer. Although the cryostat of the Argos 200 system has a fairly standard diameter compared with those of other flat bottom Dewars, it is obvious from the isocontour plots in Figure 5 that this is not sufficient for the source configurations under consideration, because only one maximum of the distribution is covered. Novel magnetometer approaches to magnetocardiography might overcome this limitation (e.g., w3x).
Conclusion
Our study provides quantitative data supporting the differential influence of spirally shaped open loop currents on magnetocardiographic and electrocardiographic recordings. Such open loop currents may explain, at least in part, the experimentally observed differences between magnetocardiographic and electrocardiographic recordings. Combined bioelectric and biomagnetic measurements provide greater insight into heart activity than do single modality measurements.
